Facilitative glucose transport molecules (glucose transporters, GLUTs) are responsible for glucose transport across cellular membranes. Of the 14 family members, expression of nine has been reported in the murine uterus and seven in the human uterus. Some studies reveal that adequate glucose uptake and metabolism are essential for the proper differentiation of the uterine endometrium toward a receptive state capable of supporting embryo implantation. However, the mechanistic role of GLUTs in endometrial function remains poorly understood. This review aims to present the current knowledge about GLUT expression in the uterus and distribution among the different cell types within the endometrium. In addition, it analyzes the available data in the context of roles GLUTs may play in normal uterine physiology as well as the pathological conditions of infertility, endometrial cancer, and polycystic ovarian syndrome.
Introduction
The uterine endometrium is a highly active tissue that is made up of several cell types, which include stromal, luminal epithelial, glandular epithelial, and endothelial cells. The endometrial stroma can be functionally distinguished into two layers: a) functionalis, which is the transient layer positioned directly below the luminal epithelium undergoing the cyclical changes associated with the menstrual cycle, and b) basalis, which is the stable layer located below the functionalis and is adjacent to the myometrium that contains the gland fundi. The dynamic changes seen in the epithelial and stromal cells associated with the menstrual cycle and pregnancy, including proliferation, apoptosis, and differentiation, are metabolically demanding (Strauss & Barbieri 2009 ). The progressively accumulating data strongly suggest that glucose metabolism is important for the preparation of the epithelium and stroma for embryo implantation during early pregnancy, and especially for the proper differentiation of the functionalis layer into the decidua capable of supporting the developing conceptus (von Wolff et al. 2003 , Frolova et al. 2009 , Frolova & Moley 2011 .
The first step in glucose utilization is its uptake into the cell, which can be mediated by either the sodiumcoupled glucose transporters (SGLTs, now known as the SLC5 family) or the facilitative glucose transporters (GLUTs, now known as the SLC2 family). The latter are used by most mammalian cell types to transfer various hexose molecules and will be the focus of this review. The human SLC2 protein family contains 14 currently known isoforms and each member has a distinct tissuespecific expression and binding affinities for individual hexose substrates (Augustin 2010) . Murine homologs have been identified for most of the GLUTs, except SLC2A11 (GLUT11). SLC2A1-5 (GLUT1-5) were the first members of the family to be described and, thus, have been the most studied, with SLC2A1 and SLC2A4 (GLUT4) being the focus of the majority of publications. During the late 1990s and early 2000s, around the time of the completions of the human genome project, additional putative GLUTs were identified (SLC2A6-14), and there is now a growing amount of work surrounding the possible functions of these new members.
Expression of some of the GLUTs has been detected in the murine and human uteri and a few of them have been characterized in terms of possible functions. Table 1 presents GLUTs that have been identified in the uterus of either the human or the mouse model. It is worth mentioning that expression of a few GLUTs has been ruled out in the uterus. Specifically, multiple groups have reported that SLC2A2 is not expressed in either the murine or the human endometrium (von Wolff et al. 2003 , Frolova & Moley 2011 . SLC2A5 expression is also undetectable in the human endometrium. However, very low levels of Slc2a5 mRNA transcript are present in the murine endometrial stroma (von Wolff et al. 2003 , Frolova & Moley 2011 . This review primarily focuses on SLC2A1, 3, 4 and 8, which are present in both the murine and the human uteri and are either the more abundant among the GLUTs in this tissue or have been more extensively characterized in the uterine endometrium. The possible involvement of GLUTs in uterine pathology, such as infertility, polycystic ovary syndrome (PCOS) and endometrial cancer will be discussed.
SLC2 expression in the uterine endometrium

SLC2A1
SLC2A1 was the first facilitative GLUT to be discovered in 1985 and continues to be one of the two most studied GLUTs (Mueckler et al. 1985) . It has a high affinity for glucose (K m of w3 mM) and for 2-deoxyglucose (K m of w6.9 mM) when expressed in Xenopus laevis oocytes (Mueckler 1994 , Uldry et al. 2002 , Augustin 2010 . Due to its ubiquitous expression in all of the organs, it is commonly thought to be responsible for the basal level of glucose uptake in most cell types. However, often the tissue-restricted GLUTs are more abundant and may play bigger roles in tissue-specific glucose homeostasis (Mueckler 1994) . Therefore, while reports on SLC2A1 expression within a cell type or tissue are numerous, the relative abundance of SLC2A1 versus other GLUTs or additional mechanistic details is necessary to understand its function.
SLC2A1 was also the first GLUT identified in the endometrium. Slc2a1 mRNA was initially detected in the rat decidua, and its expression was found to increase during gestation, indicating a possible role for SLC2A1 in maintenance of pregnancy and fetal development (Yamaguchi et al. 1996) . Another group reported that SLC2A1 protein localizes to the luminal epithelium, the stroma, and the primary decidua in the pregnant rat uterus . This study also confirmed that SLC2A1 expression increased in the decidua as pregnancy progressed up to gestational day 8. Our group recently reported that Slc2a1 mRNA in the mouse endometrial stroma is the most abundant among the GLUTs (Frolova & Moley 2011) . This finding implicates SLC2A1 as the primary GLUT in this tissue and perhaps a major player in early pregnancy progression. Slc2a1 mRNA and protein levels in murine endometrial stroma increased throughout the process of decidualization both in vitro and in vivo, further supporting this hypothesis ( Fig. 1A ; Frolova et al. 2009 ).
Estradiol (E 2 ) treatment has long been known to affect glucose utilization in the rat uterus (Smith 1967) . In 1968, Jack Gorski's group reported that the increase in glucose uptake seen in whole rat uterus on E 2 administration most likely results from an increase in the synthesis of a transport protein (Smith & Gorski 1968) . Many years later, in 1999, the same group found that expression of SLC2A1 protein in the immature rat uterus increased 4-6 h after E 2 administration (Welch & Gorski 1999) , suggesting that this was the transporter responsible for the E 2 -induced increase in glucose uptake observed in the previous study. In contrast, in the non-pregnant murine uterus, Slc2a1 expression is highest during estrous, the progesterone (P 4 )-dominant stage of the estrous cycle (Frolova et al. 2009 ). Murine SLC2A1 is predominantly localized to the glandular and luminal epithelia in the nonpregnant endometrium but is also present in the stroma. Moreover, the in vivo experiments using an ovariectomized mouse model also revealed that P 4 is responsible for the upregulation of SLC2A1 protein in the epithelial cells of the murine uterus. In addition, a P 4 -mediated upregulation of SLC2A1 protein and a reversal on E 2 administration has been observed in isolated murine stromal cells ( Fig. 1A ; Frolova et al. 2009 ). The discrepancy among the reports may be due to a number of variables. First, while unlikely, there could be species-specific differences between the mouse and the rat uteri in the hormonal regulation of glucose uptake. Secondly, a much higher dose of E 2 was used in the immature rat study and could account for an effect not seen with more physiological doses of the hormone, which were used in the murine experiments. Analyzing the endometrium, and especially its function during embryo implantation and pregnancy, is a more difficult task in the human than in the mouse for obvious ethical issues. However, well-designed studies have already provided insight into SLC2A1 expression and function in the human endometrium. von Wolff et al. (2003) were the first to report presence of SLC2A1 in human endometrial biopsies taken from non-gravid and gravid uteri. In addition, they reported that expression of SLC2A1 mRNA in the endometrium increased from the proliferative (estrogen-dominated) phase to the secretory (P 4 -mediated) phase and it was further increased in early gestation, when P 4 levels continue to dominate. Further analysis of the endometrial biopsies revealed that the increased SLC2A1 protein levels were due to enhanced expression specifically in the stromal cells and not the epithelium. In contrast, SLC2A1 levels in the epithelial cells remained high throughout the menstrual cycle and early pregnancy. Other groups have confirmed the presence of SLC2A1 protein in stromal and decidual cells from human biopsies ( Fig. 1B ; Korgun et al. 2005 , Goldman et al. 2006 , Frolova et al. 2009 ). Similar to the findings in mice, human SLC2A1 mRNA was reported to be the most abundant GLUT in primary endometrial stromal cells before and after decidualization in vitro (Frolova & Moley 2011) . On decidualization of primary stromal cells in vitro, SLC2A1 mRNA and protein drastically increase, from twofold on day 3 to approximately tenfold on day 9 of treatment culture (Frolova et al. 2009 ). Since the human stroma in vivo begins the process of decidualization toward the end of the secretory phase, even in the absence of an embryo, the observed increase in SLC2A1 expression in the human endometrium coincides with this P 4 -driven decidualization process. These findings parallel reports in the mouse, where SLC2A1 is also upregulated during decidualization, but this process starts later, closer to the time of embryo implantation. Finally, it is important to remember that GLUT localization in the cell is indicative of the protein's function. Cell fractionation studies determined that SLC2A1 protein is present in both the plasma membrane and the intracellular membrane fractions in murine endometrial stromal cells (Frolova et al. 2009 ). On P 4 treatment, SLC2A1 protein in the plasma membrane fraction increased, indicating that the newly expressed SLC2A1 is functional and transporting glucose into the cell. The cell surface localization of SLC2A1 was confirmed by photolabeling with Bio-ATB-BMPA, a compound that binds irreversibly after crosslinking to the exofacial domain of GLUTs. In addition, SLC2A1 was found at the basolateral surface of epithelial cells in mice .
Although the studies regarding Slc2a1 expression in the human, mouse, and rat endometria are still few in number and even contradictory, some interesting preliminary conclusions can already be drawn from them. 1) SLC2A1 protein is present in all three major cell types of the human and rodent endometria. 2) In a non-gravid uterus, SLC2A1 is present in higher concentrations in the epithelial cells when compared with the stromal cells. 3) SLC2A1 expression increases in the stromal compartment during decidualization. 4) SLC2A1 in the murine stromal cells is upregulated by P 4 and downregulated by E 2 and is therefore increased during pregnancy, when P 4 dominates. Taken together, these data suggest that SLC2A1 is the main GLUT responsible for glucose uptake into the endometrial stromal cells. Further studies are required to properly characterize SLC2A1 in the epithelial cells, as SLC2A1 is strongly expressed in this cell type as well.
SLC2A3
SLC2A3 is primarily expressed in tissues with a high demand for glucose, such as the brain, placenta, sperm, preimplantation embryos, and some cancers (Shepherd et al. 1992 , Haber et al. 1993 , Pantaleon et al. 1997 . SLC2A3 is well fitted for tissues that have a high metabolic demand because of its higher affinity for glucose (K m value for 2-deoxyglucose w1.4 mM) compared with SLC2A1, 2, and 4 (see Table 1 ; Arbuckle et al. 1996 , Simpson et al. 2008 . In the uterus, SLC2A3 has been studied much less than SLC2A1. However, it has been studied, in the context of stromal cell decidualization and during pregnancy, that existing studies are primarily observational.
Slc2a3 mRNA expression was reported in mouse decidua and found to be detectably decreased during the early progression of pregnancy (Yamaguchi et al. 1996) . This downregulation was confirmed in the rat uterus where SLC2A3 protein was reported in the uterine epithelium and stroma starting on gestational day 1 and its expression increased through day 4 . In addition, in the latter study, the immunohistochemical staining revealed that SLC2A3 was more abundant in the uterine stroma than the epithelium. In the human, immunohistochemical staining identified SLC2A3 protein in the proliferative endometrium and in the decidua, but no changes in expression were observed throughout different stages of the menstrual cycle or during the beginning of pregnancy , von Wolff et al. 2003 , Korgun et al. 2005 . However, one group reported that human SLC2A3 staining was primarily localized to leukocytes and that this cell population was responsible for the SLC2A3 expression observed in the decidua (von Wolff et al. 2003) . Finally, our group has recently reported that Slc2a3 mRNA levels are the second and third highest among the GLUT family members in the endometrial stromal cells isolated from the mouse and human respectively (Frolova & Moley 2011) .
The recent finding that SLC2A3 is expressed in the uterine stroma and decidua is novel and interesting, when analyzed in the context of SLC2A3 expression in trophoblasts , Simpson et al. 2008 . SLC2A3 is expressed only in the early, first trimester trophoblast cells and not in term placenta, a finding that is consistent between the mouse and the human. This early expression is fitting, as this is a time of decreased glucose substrate surrounding the embryo because the extravillous trophoblast has not fully invaded the uterine stroma to reach the maternal blood supply. Thus, a highaffinity transporter such as SLC2A3 would be beneficial in scavenging existing glucose to supply nutrients to a rapidly growing and developing embryo. While the trophoblast is invading the decidual compartment and establishing its connection with the vascular bed, the decidua is serving as the nutritional support for the embryo. Therefore, it is not surprising that it would also express SLC2A3 to more efficiently take up glucose from its surroundings. This hypothesis is supported by the observations that, in the mouse, the decidua is short lived; it starts involution around day 9 pc, and retreats as the placenta forms at its interface, replacing it not only functionally but also physically (Glasser et al. 2002) . Thus, SLC2A3 is present only in the early stages of trophoblast invasion, in both the decidua and the trophoblast, when the glucose supply is limited, as a permanent and direct connection with the maternal blood supply is not yet established.
SLC2A4
SLC2A4 is likely the most studied among the membrane transport proteins due to the major role it plays in whole body glucose homeostasis and the pathogenesis of type II diabetes mellitus (Thorens & Mueckler 2010) . SLC2A4 is primarily expressed in the insulin-sensitive skeletal muscle and adipose tissue (James et al. 1988) . Insulin, released by the pancreas as a response to high glucose levels, signals SLC2A4 to translocate from an intracellular compartment to the plasma membrane, causing a rapid 10-to 40-fold increase in glucose uptake by these cells (Bryant et al. 2002 , Scheepers et al. 2004 . While the exact mechanisms responsible for this translocation remain controversial and highly debated in the field, it was clearly shown that defects in insulin-stimulated SLC2A4 translocation in skeletal muscle are responsible for the insulin resistance seen in obesity and type II diabetes (Shepherd & Kahn 1999) . In addition, SLC2A4 expression is altered in adipose tissue in states of obesity and insulin resistance.
Reports regarding SLC2A4 expression in the uterus are limited. SLC2A4 protein and mRNA expression were first observed in whole immature rat uterus, although at concentrations far below than those seen in skeletal muscle (Welch & Gorski 1999) . Another group presented immunohistochemical evidence that SLC2A4 is expressed throughout the uterine epithelium, glands, and stroma in the non-gravid rat uterus and in the decidua through gestational day 8 ). Both of these reports also determined that while other GLUTs, such as SLC2A1 and 3, were localized primarily at the plasma membrane, SLC2A4 was distributed between the cell surface and the cytoplasm. This localization pattern is consistent with the ability of SLC2A4 to translocate to the plasma membrane from an intercellular compartment and increase glucose uptake in response to appropriate stimuli. Recently, our group presented quantitative data that Slc2a4 mRNA levels can be found in the murine endometrial stroma, but at levels that are 100-to 1000-fold lower than other, more abundant, GLUTs (Frolova & Moley 2011) .
Data regarding SLC2A4 in the human uterine tissue are even more scarce and highly contradictory.
von Wolff et al. (2003) excluded SLC2A4 expression in the human uterus by RNase protection assay and northern blot. Our group's quantitative real-time PCR-based approach also determined SLC2A4 mRNA levels in the human endometrial stromal cells to be below detection levels (Frolova & Moley 2011) . Other reports analyzing human endometrial biopsies cited SLC2A4 mRNA and protein in the endometrium (Mozzanega et al. 2004 , Kohan et al. 2010 . However, immunohistochemical staining of SLC2A4 was only present in the epithelial cells and not in the stroma (Mozzanega et al. 2004) .
Although more research regarding SLC2A4 expression and function in the uterus is needed, the data presented thus far indicate that the levels of this GLUT in the endometrium are very low, sometimes below detection thresholds, which may explain the contradictory reports.
SLC2A8
SLC2A8 is a recently discovered member of the SLC2 family and knowledge of its function remains vague. Testes show the highest levels of SLC2A8 expression, but it is also found in a number of other tissues such as liver, spleen, lung, brown adipose, and blastocysts (Carayannopoulos et al. 2000 , Ibberson et al. 2000 . SLC2A8 is a member of the class III transporters and has a high affinity for glucose (K m w2 mM). However, fructose and galactose can compete with glucose for transport via SLC2A8, leaving its substrate specificity still somewhat ambiguous (Frolova & Moley 2011) . SLC2A8 protein has only recently been identified in the endometrium. Its expression in the murine uterus appears to be highest during estrous in a non-gravid uterus and dramatically increases on embryo implantation and stromal decidualization ). Interestingly, unlike SLC2A1, SLC2A8 is localized at both the basolateral and the apical surfaces of the luminal and glandular epithelium. Quantitative studies reveal that levels of SLC2A8 mRNA in the endometrial stromal cells are moderate compared with those of other GLUTs in both the mouse and the human, but the copy number increases on in vitro decidualization (Frolova & Moley 2011) .
The most intriguing aspect of SLC2A8 is its intracellular localization. Other GLUTs are either constitutively located at the cell surface (SLC2A1, 3, and 5) or are shuttled between an intercellular storage compartment and the cell surface in response to a stimulus such as insulin or high glucose (SLC2A4; see Fig. 2 ; Schmidt et al. 2009 ). SLC2A8 has an amino-terminal dileucine motif that is responsible for its intracellular localization and, thus far, except in the blastocyst where it was shown to translocate to the cell surface on insulin stimulation (Carayannopoulos et al. 2000) , stimuli for its translocation have not been found. In mouse endometrial stromal cells, cellular fractionation confirmed that SLC2A8 protein is not present at the plasma membrane fraction, and is Glucose transport in the uterus instead distributed throughout the high-and low-density intercellular membrane fractions .
Although no reported studies have determined the specific intracellular compartment of SLC2A8 in endometrial stromal cells, its localization has extensively been studied in a number of other cell types. In hippocampal neurons and PC-12 cells, SLC2A8 was detected in the endoplasmic reticulum (Piroli et al. 2002 , Widmer et al. 2005 , Schmidt et al. 2009 ). Colocalization studies in CHO and HEK 293 cells detected stably expressed SLC2A8 in the late endosomes and lysosomes. In addition, immunogold-labeled SLC2A8 was detected in the lysosomes using electron microscopy (Augustin et al. 2005) . While further studies are warranted, these observations along with the knowledge that SLC2A8 is localized intracellularly in the stromal cells supports a hypothesis that, in the endometrial stroma, SLC2A8 may be localized to the endoplasmic reticulum (ER), the lysosome, or both organelles (Fig. 2) .
The ER-specific SLC2A8 localization could play a role in providing the glucose necessary for glycosylation of proteins during decidualization. During this time, the cells become secretory in nature, providing the developing embryo with nutrients and other factors necessary for development, and since secreted proteins are often glycosylated, it is likely that additional sugars may be required in the ER where this process takes place. In addition, decidual cells have large stores of glycogen, which is classically broken down to glucose-6-phosphate in the cytosol and transferred into the ER to be converted to glucose. The resulting glucose is then transferred back out into the cytosol via a, yet unidentified, glucose transport system (Fehr et al. 2005) . While there is strong controversy regarding the possible modes of glucose transport out of the ER, evidence exists that facilitative transporters may be responsible and, thus, we hypothesize that in the endometrial stromal cells, SLC2A8 may fulfill this role.
Similarly, SLC2A8 in the lysosomal membrane may play an important role in glycogen degradation. While glycogen is classically degraded in the cytoplasm, some of it is also being continuously degraded in the lysosome and the resulting glucose is once again released into the cytoplasm through a not-fully characterized transport system. It is still unclear why the decidual cells store so much glycogen; however, in the rat, the decidua regresses on the day the embryo begins its fastest growth (Katz & Abrahamsohn 1987) . This growth requires a large quantity of energy, and trophoblast cells are seen directly taking up glycogen from the apoptosing decidua; at the same time, it is feasible that the decidual cells are breaking down the glycogen and releasing glucose into the cytoplasm via SLC2A8 for easier uptake by the trophoblast. In addition, the glycogen could be viewed as an emergency store of energy and the decidual cells must have an efficient system to break it down and release the glucose into the cytoplasm and then out of the cells. Both the ER and the lysosomal breakdown could be accelerated in response to starvation or stress stimuli. In these states, SLC2A8, a high efficiency GLUT, could begin to play a large role in providing the decidual cells with the much-needed additional glucose from the breakdown of glycogen. Finally, the fact that SLC2A8's substrate specificity remains incompletely characterized, it could be responsible for the efflux of other hexoses produced during the lysosomal breakdown of various cellular components.
GLUTs and infertility
The success of a pregnancy is dependent on proper embryo implantation, an event that is highly coordinated and synchronized between the maternal uterus and the developing blastocyst. The blastocyst, on entering the uterine cavity, must first attach to the epithelium and then invade this layer into the underlying stroma, which is differentiating into the decidua. Metabolic changes are observed in both of these uterine cell types, with the most striking example being the accumulation of glycogen (Demir et al. 2002) .
Proper decidualization of endometrial stromal cells in vitro is dependent on adequate glucose concentrations, as cells cultured in glucose concentrations below 2.5 mM exhibit lower levels of decidualization (Frolova & Moley 2011) . Cytochalasin B, an inhibitor of glucose some transporters, but not all, attenuates glucose uptake by endometrial stromal cells, which indicates that the uptake is mediated by a Class I or Class III member of the SLC2 family (von Wolff et al. 2003) . Cytochalasin B also inhibits decidualization of endometrial stromal cells in vitro, which could be attributed to its effects on glucose transport, but could also be the result of a number of other effects this compound has on cell physiology (MacLean-Fletcher & Pollard 1980) . Levels of SLC2A1 protein, the most abundant GLUT in the endometrial stroma, increase on decidualization both in vitro and in vivo (Fig. 1A and B) . Interestingly, in vitro shRNA-mediated knockdown of SLC2A1 in endometrial stromal cells downregulates the expression of key decidualization markers ( Fig. 1C ; Frolova & Moley 2011) . These data indicate that SLC2A1 plays a crucial role in endometrial preparation for embryo implantation and provides additional convincing data that increased glucose uptake is a prerequisite for proper decidualization. Alteration in either maternal serum glucose concentrations, uptake via SLC2A1, or downstream metabolism of glucose could lead to implantation failure and subsequent miscarriage and pregnancy loss. In fact, when SLC2A1 protein levels in endometrial biopsies from women with idiopathic infertility were compared to those with infertility due to either tubal occlusion or male factor causes (non-endometrial infertility), the women with idiopathic infertility had significantly lower levels of SLC2A1 expression ( Fig. 1D; von Wolff et al. 2003) . Immunohistochemical staining revealed that this decrease was specific to the endometrial stromal cells and not to the luminal or glandular epithelium. Thus, based on the in vitro evidence, idiopathic infertility in some patients could potentially be attributed to decreased glucose uptake by endometrial stromal cells due to lower expression of SLC2A1 and a subsequent decrease in the decidual reaction. In addition, aberrant expression of other GLUTs, such as SLC2A3 and SLC2A8, could play a role in the pathogenesis of infertility as they are both moderately to highly expressed in the endometrial stroma and upregulated during the process of decidualization.
PCOS and GLUTs in the endometrium
Today, a growing proportion of young women is diagnosed with PCOS, a multifactorial disease, characterized by anovulation, hyperandrogenism, or cystic ovaries. These patients also have increased rates of miscarriage, obesity, and abnormal insulin signaling, including hyperinsulinemia (Sagle et al. 1988 , Balen et al. 1993 , Dunaif 1997 , DeUgarte et al. 2005 . Because of this correlation between infertility and the metabolic abnormalities seen in patients with PCOS, a number of groups have proposed that abnormal glucose metabolism in the endometrium could be responsible for the increased miscarriage rates in this population (Fornes et al. 2010 , Zhang & Liao 2010 . The observed abnormalities in insulin signaling among women with PCOS have also sparked an interest in SLC2A4 and its possible roles in endometrial preparation for embryo implantation. As mentioned above, the evidence regarding SLC2A4 expression in the endometrium is highly controversial, and the most recent data suggest that SLC2A4 is present in very low abundance and perhaps even absent in the human uterus. However, several groups have presented evidence that SLC2A4 expression is decreased in endometrial biopsies from women with PCOS versus control (Mozzanega et al. 2004 , Fornes et al. 2010 , Kohan et al. 2010 . Observations in skeletal muscle cultures suggest that androgens may be responsible for the decreases in SLC2A4 and insulin signaling pathway molecules (Sato et al. 2008) . Indeed, Zhang & Liao (2010) reported that when ex vivo cultures of endometrial glandular epithelium are exposed to testosterone, SLC2A4 protein expression significantly decreases. As increased serum testosterone is a hallmark of PCOS, and the endometrium is a tissue that is highly sensitive to hormones, the decreased SLC2A4 expression observed in endometria from women with PCOS could be directly attributed to the increased levels of testosterone also seen in this population.
Insulin signaling is classically mediated via IRS1 and 2 autophosphorylation, which in turn activates the PI3K pathway and leads to AKT phosphorylation. AKT substrates trigger the translocation of SLC2A4 to the plasma membrane, resulting in glucose uptake. Levels of IRS1 expression and phosphorylation are decreased in the endometria of women with PCOS and hyperinsulinemia compared with controls (Fornes et al. 2010) . IRS1 protein and mRNA also decrease in response to testosterone treatment in epithelial cultures in vitro (Zhang & Liao 2010) . This evidence for decreased SLC2A4 expression and IRS1 signaling in the endometrium could be explained by the high levels of serum testosterone and could, in turn, explain the increased infertility rates observed in women with PCOS.
GLUTs in endometrial cancer
Glucose metabolism has been widely studied in a number of malignant cell types, and it is known that in these cells, metabolism and ATP utilization are increased (Macheda et al. 2005) . Cancer cells have increased rates of aerobic glycolysis and expression of glycolytic enzymes.
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F-labeled 2-fluoro-2-deoxy-D-glucose (FDG) is commonly used to detect tumors on positron emission tomography (PET) scans in the clinic, because the tumor cells accumulate FDG to higher levels than the surrounding tissue, reflecting their higher rate of glucose uptake from the surroundings. The degree of FDG accumulation correlates with higher tumor grade. The increase in glucose uptake, required for the higher rate of glycolysis, is most likely due to increased expression of GLUTs. Indeed enhanced SLC2A1 expression has been shown in a large variety of malignant tumors, including lung (Kurata et al. 1999) , liver (Yamamoto et al. 1990 ), breast (Brown & Wahl 1993) , colorectal (Haber et al. 1998) , ovarian and endometrial (Macheda et al. 2005) . Wang et al. (2000) reported that SLC2A1, which could not be detected in benign endometrial epithelium, was detected in atypical hyperplasia and endometrial adenocarcinoma. The fact that SLC2A1 immunohistochemical staining in this study was not detected in benign epithelium while a number of other reports cite SLC2A1 expression in all cell types within normal endometrium may, most likely, be attributed to a decreased sensitivity of the antibody used by this group. Therefore, the presence of SLC2A1 in the hyperplasia and adenocarcinoma samples in this study can be interpreted as increased expression of the protein in hyperplasia versus benign tissue. This group proposed that increased SLC2A1 expression in endometrial hyperplasia could be used to predict the development of endometrial carcinoma. In addition, the staining for SLC2A1 was highest in the tumor cells furthest from the benign stroma, which may allow the tumor cells to survive in the increasingly hypoxic environment, a phenomenon that has been described for other cell types in hypoxic conditions (Iliopoulos et al. 1996) . Studies have suggested that hypoxia triggers increased Hif1a expression and increased anaerobic metabolism, concurrent with upregulation of SLC2A1 expression (Malhotra et al. 2002) . Another report investigated the expression of SLC2A8 in endometrial cancer and found that it is also increased compared with benign proliferative and secretory endometrium (Goldman et al. 2006) . SLC2A8 protein expression was upregulated in well-differentiated adenocarcinoma, its expression increased even further in the poorly differentiated endometrial adenocarcinoma, and was highest in the uterine papillary serous carcinomas. Existing data support a link between the sex hormones, estrogen and P 4 , and endometrial cancer. Estrogen-only hormone replacement therapy and contraceptives increase the risk for endometrial cancer, but this risk is reversed on addition of P 4 to the exogenous hormonal milieu (Henderson & Feigelson 2000 , Persson 2000 . SLC2A1 protein expression in the Ishikawa endometrial cancer cell line shows a similar trend, with increased expression on E 2 treatment and a reversal on addition of P 4 (Medina et al. 2004) . This study also detected SLC2A2, SLC2A3 and SLC2A4 protein in the Ishikawa cells. SLC2A2 has not been described in the uterine tissue by any other group, but it is not unreasonable that proteins not present in benign uterine endometrium would be induced by the cancer phenotype.
Conclusion
Recurrent pregnancy loss continues to affect as high as 15% of couples trying to conceive, and mechanisms responsible for this infertility remain unknown (Allison & Schust 2009) . Glucose is required for the proper development of the early embryo, and it must be adequately transferred from the maternal circulation (Simpson et al. 2008) . Prior to full invasion of the trophoblast and establishment of a functioning placenta, the uterine endometrium is primarily responsible for providing the nutritional support for the embryo. Despite this knowledge, very little data regarding the regulatory mechanisms of glucose utilization in the endometrial cells exists, and the importance of this process continues to be neglected. The uterus expresses a disproportionally large number of GLUT family members, but almost no data regarding functional significance of any of these GLUTs in the endometrium are available. Our group has recently investigated the role of SLC2A1 in the process of stromal cell decidualization and found that aberrant expression of this protein may play a role in early pregnancy loss (Frolova & Moley 2011) . However, many more studies are needed in order to determine the role of other GLUTs in the endometrial stroma and epithelium. Some abundant GLUTs in the endometrium, such as SLC2A3, which is also highly expressed in the placenta, and SLC2A8, an intracellular hexose transporter, are interesting candidates for future studies and could provide some mechanisms to idiopathic infertility. A few GLUTs are also hormone regulated at the transcriptional level and this has some implications for their involvement in hormone-responsive cancers, such as those arising in the endometrium. Increased sensitivity to estrogens, which are known to potentiate endometrial cancer, can be a means to upregulate GLUT expression and the higher glucose needs of a metabolically demanding cancer cell. Thus, while a number of developing therapies target the estrogen signaling pathways, the downstream effects on glucose metabolism can also be potential targets in the future.
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